Multiple auditory steady state responses (ASSRs) will likely be included in the diagnostic test battery for estimating infant auditory thresholds in the near future; however, the effects of single-versus multiple-stimulus presentation in infants has never been investigated. In adults, there are no interactions (reduced amplitudes) between responses to multiple simultaneous stimuli presented at 60 dB SPL or lower. Maturational differences, however, may lead to greater interactions in infants; thus, it is unknown whether the single-stimulus technique or the multiple-stimulus technique is more efficient for testing infants. Two studies were carried out to address this issue.
INTRODUCTION
Auditory steady state responses (ASSRs) to stimuli modulated in the 70 to 110 Hz range (the "80-Hz" ASSR) have received much recent attention by clinicians and researchers (for reviews, see Rance 2008; Picton 2010) . The ASSR will likely be recommended for routine clinical assessment of auditory threshold in young infants in the near future, possibly in place of the tone-evoked auditory brain stem response (ABR), which is the current gold standard technique (JCIH 2007) . However, lack of appropriate normative and clinical data in infants currently limits the clinical use of the ASSR (Stapells et al. 2005; Rance & Cone-Wesson 2008; Van Maanen & Stapells 2009 .
Similar to tone-evoked ABR recordings, the ASSR may be recorded to single-frequency stimuli presented to one ear at a time. This is the "single-stimulus" ASSR method for which many clinical data have been published (e.g., Rance et al. 2005) . Alternatively, it is also possible to record ASSRs to multiple stimuli (i.e., several frequencies) presented simultaneously to one or both ears. Although clinical data for this technique are more limited (for reviews, see Cone & Dimitrijevic 2009; Stapells 2011) , this "multiple" ASSR technique has the potential to gather more information in a shorter amount of time, thus speeding up test time (John et al. 1998; Herdman & Stapells 2001) . If there are no interactions between responses when multiple stimuli are presented (i.e., amplitudes are not smaller when stimuli are presented together), then the time to record responses is simply reduced by the number of stimuli presented simultaneously (Picton et al. 2003) . Even if some amplitude reductions ("interactions") exist, the presentation of multiple simultaneous stimuli may still be more efficient than the presentation of a single stimulus, provided that the reduction in amplitude is less than 1/͌K, where K is the number of stimuli presented at the same time (John et al. 1998 ). If ASSR amplitudes are smaller due to interactions, more sweeps must be averaged to reduce the EEG noise sufficiently to detect these smaller responses. Because EEG noise decreases predictably by the square root of the number of sweeps averaged, we can use this to determine whether the increased number of sweeps required to detect a smaller multiple-ASSR amplitude is offset by the gain in information (John et al. 2002) . With multiple stimuli, K times the information (e.g., the number of frequencies) in a given sweep is obtained compared with the singlestimulus technique; thus, provided we do not need to average more sweeps than a factor of ͌K, the multiple ASSR will be more efficient. For example, if ASSR amplitudes decrease by 50% due to interactions when recording responses to eight simultaneous stimuli (e.g., four frequencies in each ear), the presentation of multiple stimuli is still more efficient, provided the ASSR amplitude at the frequency of interest is Ͼ35% (1/͌K) of the single-stimulus ASSR amplitude.
In adults, the presentation of multiple stimuli simultaneously does not cause a decrease in 80-Hz ASSR amplitude when stimuli are presented at Յ60 dB SPL, provided that the carrier frequencies are separated by at least an octave John et al. 1998; Herdman & Stapells 2001 ). However, for 75 dB SPL stimuli, statistically significant interactions between responses to stimuli are seen such that amplitude for the 1000-Hz and 2000-Hz carrier frequencies in the multiple-stimulus condition (four frequencies to one ear) decrease to 56% and 49% of their amplitude in the singlestimulus condition, respectively (John et al. 1998) . Despite this, when compared with the single-stimulus technique, the multiple-ASSR technique remains more efficient at least for 1000 Hz and at least in adults (John et al. 1998; Herdman & Stapells 2001) .
ASSRs evoked by amplitude-modulated (AM) tones with modulation frequencies between 70 and 110 Hz have been used in the assessment of infant hearing using either single stimuli (Rance et al. 2005) or multiple stimuli (Lins et al. 1996; Savio et al. 2001; John et al. 2004; Han et al. 2006; Luts et al. 2006; Van Maanen & Stapells 2009 and have shown great promise. However, only a few studies have directly compared ASSRs with single versus multiple simultaneous stimuli John et al. 1998; Herdman & Stapells 2001; Picton et al. 2009 ), and none of these studies have assessed this issue in infants; that is, there are no published studies comparing infant ASSRs for single versus multiple stimuli. There are several known infant-adult differences, which may influence ASSR recordings; for example, differences in brain stem processing of rapid stimuli exist (Lasky & Rupert 1982; Lasky 1984) , which might affect how the infant brain stem responds to multiple stimuli. Thus, the effects of presenting multiple stimuli simultaneously in infants are unknown, as is whether the multiple-stimulus ASSR technique is more efficient for infants than the single-stimulus ASSR technique. These questions are of particular interest because multiple-stimulus ASSR systems are currently being marketed and sold to clinicians for the purpose of infant auditory threshold assessment. The purpose of the following studies is to assess, in infants, the efficiency of single-versus multiple-stimulus presentation by assessing changes in ASSR amplitude and threshold.
PARTICIPANTS AND METHODS

Participants
Twenty-nine infants participated in this study. Fifteen infants participated in study A (mean age: 23.1 wks; age range: 6 to 38 wks; six females) and 14 participated in study B (mean age: 20.2 wks; age range: 4 to 38 wks; seven females). Parents filled out a questionnaire concerning their child's birth history before the study. All infants were full term and had no history of middle ear involvement, neurological disorder, or other factors associated with hearing loss. Infants who passed a distortion-product otoacoustic emissions (DPOAE) screening test in both ears on the day of ASSR testing were considered to be at low risk for hearing loss and were included in the study. DPOAE F 2 and F 1 levels were 65 and 55 dB SPL, respectively. To be considered "normal," the DPOAE signal-to-noise ratio (SNR) was required to be at least 6 dB for at least 2/3 frequencies tested within the 2 to 4 kHz range. Seventy-two percent of the infant ears tested in this study passed at all three frequencies assessed; 100% of the infant ears passed 2/3 frequencies assessed.
Auditory Stimuli
For studies A and B, air conduction stimuli were presented to one or both ears using ER-3A insert earphones. Individual stimuli were calibrated in dB SPL using a Quest Electronics model 1800 sound level meter with a Bruel & Kjaer DB0138 2-cm 3 adapter.
Stimuli consisted of sinusoidal tones with carrier frequencies of 500, 1000, 2000, and 4000 Hz that were 100% sinusoidally AM at 77.148, 84.961, 92.773, and 100.586 Hz, respectively, for the test ear, and AM at frequencies of 81. 055, 88.867, 96.680, and 105.469 for the nontest ear for the DM condition. Air conduction stimuli were generated by the Rotman MultiMASTER research system (John & Picton 2000) and attenuated through Tucker-Davis Technologies HB6 and SM3 modules.
The primary purpose of study A was to directly compare response amplitude and relative efficiency results as a function of the number of ASSR stimuli presented. All infants in study A took part in three stimulus conditions, which differed in terms of the number of stimuli presented simultaneously. The monotic single (MS) condition consisted of 500, 1000, 2000, or 4000 Hz tones, which were presented singly to the test ear. The monotic multiple (MM) condition was composed of four tones (500, 1000, 2000, and 4000 Hz) presented to the test ear simultaneously. The DM condition consisted of eight tones presented simultaneously to both ears (four frequencies to each ear, each with their own modulation rate). In study A, all stimuli were presented at 60 dB SPL (i.e., the levels of the individual stimuli were set to 60 dB SPL).
The purpose of study B was to compare 500-Hz threshold, EEG noise, and response amplitude in the single-stimulus condition with that obtained in the DM condition. For study B, all infants took part in two conditions: the 500-Hz MS stimulus condition and the DM stimulus condition. These conditions were identical to those outlined for study A. Threshold was found for the 500-Hz stimuli in the test ear in the MS and DM conditions using an intensity range between 30 and 75 dB SPL.
Recording
The following information pertains to both studies except when otherwise indicated. ASSRs were recorded using the Rotman MultiMASTER research system. Three gold-plated electrodes were used to record the electrophysiologic responses: the noninverting and ground electrode were placed on the high forehead with the noninverting electrode placed in a high and medial position on the forehead and the ground electrode placed in a high and lateral forehead position. The inverting electrode was placed on the nape just below the hairline in the midsagittal plane. The skin beneath the electrodes was lightly abraded to obtain interelectrode impedances Ͻ5 kOhms at 10 Hz (mean: 2.1 kOhms).
The EEG was amplified 80,000 times (ϫ8000 in Nicolet HGA-200A and Nic501A; ϫ10 in LabVIEW) and filtered using a 30-to 250-Hz (12 dB/octave) filter. The amplified analog EEG was digitized using an analog-to-digital conversion rate of 1000 Hz with a clipping level of 62 V. For study A, nonweighted averaging in the MultiMASTER system was used. To maximize the likelihood of obtaining complete threshold results for study B and to decrease the effects of EEG noise, weighted averaging was used (John et al. 2001) . Weighted averaging places more emphasis on epochs with lower EEG noise than those with higher EEG noise (for further details, see John et al. 2001) . Each EEG recording sweep lasted 16.384 secs (consisting of 16 epochs each of 1.024-sec duration). Any epochs in which the EEG amplitude exceeded either Ϯ40 V (study A) or Ϯ62 V (study B) were rejected so that electric potentials due to muscle or movement artifact were minimized.
ASSRs were averaged in the time domain and converted online into amplitude spectra using a fast Fourier transform, thereby allowing for analyses of responses to the carrier frequencies at their corresponding modulation rates. Amplitudes were measured baseline to peak in nanovolts (nV). ASSR presence required a significant SNR (p Ͻ 0.05) using the F-statistic (Picton et al. 2003) , which compared the amplitude of response at each modulation frequency with the background noise in adjacent frequencies within Ϯ60 bins of the modulation frequency (John & Picton 2000) .
Stopping Criteria
ASSRs were recorded either until a response was detected (p Ͻ 0.05) for a minimum of two consecutive sweeps or until the EEG noise criterion was reached (mean noise Յ11 nV) and no response detected (p Ն 0.05) (Small & Stapells 2006 ). Our previous research has shown infant near-threshold ASSR amplitudes of approximately 20 nV (Small & Stapells 2008; Van Maanen & Stapells 2009 ) and a noise criterion of 11 nV would allow one to detect these near-threshold amplitudes. Testing was considered complete if either of these criteria were met for each carrier frequency. For multiple-stimulus conditions, testing continued until results for all stimuli reached one of the criteria. Because EEG noise is usually higher for lower modulation rates, recordings usually had to continue until these reached criteria; this often resulted in lower EEG noise for the higher modulation rates at the completion of the recording. For study A, ASSR recordings always continued for a minimum of 11 sweeps regardless of response presence/absence. For study B, ASSRs were recorded for a minimum of five sweeps. These minima allowed us to evaluate EEG noise levels across conditions and frequencies after a fixed number of sweeps. The reduction in the minimum number of sweeps recorded in study B was done to maximize the likelihood of obtaining threshold results for both stimulus conditions.
Procedure
Studies A and B each involved one or two recording session(s), which lasted approximately 2 hrs each. Parent(s) of the participants signed a consent form before initiation of testing and were paid an honorarium at the end of each session; procedures were approved by the University of British Columbia Behavioral Research Ethics Board. All ASSR measurements took place in a double-walled sound-attenuated booth. Infants slept naturally during the testing. The DPOAE hearing screening was first carried out, and results (pass/refer) pertaining to the DPOAE screen were given to the parents and explained. If passes from both ears were found using the DPOAE screener, the ASSR test session commenced. For both studies A and B, the test ear was chosen randomly by flipping a coin.
For study A, we attempted to counterbalance the order of the 500-Hz MS, 2000-Hz MS, and the multiple-stimulus conditions (MM, DM) if the infant remained sleeping for all the stimulus conditions. When either the 500-Hz MS or 2000-Hz MS conditions were run first, an insert earphone was first placed in only the test ear. The second insert earphone was placed in the nontest ear just before testing in the DM condition. After this, the 1000-Hz MS and 4000-Hz MS conditions were tested in random order. If an infant woke up in a particular condition, testing was stopped until the infant fell back asleep, and a different condition was initiated in case the previous condition contributed to the infant waking up. In study A, infants tended to wake up more frequently during the DM condition, thus compared with all other conditions, the DM condition was more frequently presented last for study A.
For study B, the order of the MS and DM conditions was randomized, and insert earphones were always placed in both ears at the start of testing. Threshold, amplitude, EEG noise, and time-to-criterion information were determined for the 500-Hz carrier frequency in the MS and DM stimulus conditions. Once the order of the conditions had been established, the condition was completed (i.e., threshold found) before moving onto the next condition. Threshold search always started at 60 dB SPL and intensity increased or decreased using 10-dB steps, depending on which direction yielded the most information. The exception to this was one infant began to wake up with stimulation at 60 dB SPL, so the threshold search for this infant started at 40 dB SPL. Final step size was 5 dB.
Data Analysis
In general, higher EEG levels result in an overestimation of response amplitude (Picton et al. 2005) . Thus, the amplitudes we obtained were corrected for EEG noise level using the following formula (Picton et al. 2005; Picton 2010, pp. 155-188) :
where X is the ratio between the measured amplitude of the signal and the noise amplitude. This amplitude correction factor was applied to minimize any effects of EEG noise levels differing between carrier frequencies and/or conditions.* Study A • Descriptive measures of ASSR amplitude, final EEG noise, and relative efficiency for all carrier frequencies were determined for all infants. Two-way repeated-measures analyses of variance (ANOVA) with four levels of carrier frequency and three stimulus presentation conditions were conducted each for ASSR amplitude, EEG noise levels, and relative efficiency. For all ANOVAs, Huynh-Feldt epsilon degrees of freedom correction factors for repeated measures were used when appropriate, and Newman-Keuls post hoc comparisons were carried out to assess significant main effects *As the formula indicates, the contribution of EEG noise to response amplitudes decreases as response SNR increases. Picton and interactions. Results for all analyses were considered statistically significant if p Ͻ 0.05.
Relative efficiency is a measure that considers the increase in information relative to the decrease in amplitude when going from single to multiple stimulus conditions (John et al. 1998 (John et al. , 2002 Fontaine 2007) . Using the mean (across subjects) MS condition as a baseline amplitude for each frequency, the relative efficiency for each stimulus condition was calculated using the following formula (Fontaine 2007 
where RE ϭ relative efficiency, AMPi ϭ individual subject's amplitude for specific frequency and condition, AMPg ϭ mean group amplitude for specific frequency in the MS condition, and K ϭ number of simultaneous stimuli.
In practical terms, if a multiple condition (e.g., the eightstimulus DM condition) has a relative efficiency of "2," this predicts that one would obtain the results for the eight stimuli in the DM condition in half the time required it takes to get the same SNR for the eight stimuli presented in the single-stimulus condition. ‡ Study B • Measures of 500-Hz ASSR threshold, as well as response amplitude and EEG noise (both in response to 60-dB SPL stimuli), were obtained for the MS and DM conditions. The statistical significance of differences in the measures between the MS and DM conditions were determined using t tests for dependent samples. Results for these analyses were considered statistically significant if p Ͻ 0.05. Figure 1 presents ASSR amplitude spectra for a typical infant (age: 21 wks) in the MS, MM, and DM conditions. Filled triangles indicate that the amplitude at the modulation rate was significantly different from the residual EEG noise (i.e., response present), whereas the open triangle indicates no statistically significant response at its corresponding frequency of modulation. Typical of the group results, this infant's ASSR † To allow the repeated-measures ANOVA comparison of RE results between MS, MM, and DM conditions, the group mean for the MS condition was used in the RE calculation instead of the individual subject's MS amplitude. We carried out additional analyses using the individual MS amplitudes, which showed that the pattern of results was not changed by the use of the group mean for the MS condition. ‡ Consider the following numerical example: amplitude for the MS condition is 60 nV and the EEG noise is 30 nV (SNR ϭ 2). If amplitude in the DM condition (eight stimuli) decreased to 42 nV (i.e., a 30% reduction), one would have to average additional trials to get the noise down to 21 nV to obtain the same SNR (i.e., 2). To decrease noise by 50%, one would have to average four times the number of trials. Because the results are obtained for eight stimuli, we are therefore two times as efficient. amplitudes were larger in the MS conditions relative to the multiple-stimulus conditions, regardless of frequency. Although smaller in amplitude, responses in the multiple-stimulus conditions (MM, DM) were present for all the carrier frequencies, with the exception of 500 Hz in the MM condition. Also visible is the higher noise in the EEG spectra for the low carrier frequencies.
RESULTS
Study A
EEG Noise • As would be expected from previous studies, results for lower carrier frequencies, presented at lower modulation rates, show greater EEG noise than the higher carrier frequencies (Picton et al. 2003 (Picton et al. , 2005 . Although additional sweeps were usually obtained, we compared EEG noise after 11 sweeps, as all conditions were obtained at a minimum of 11 sweeps. Figure 2 shows EEG noise as a function of carrier frequency and stimulus condition. Mean EEG noise obtained after 11 sweeps (pooled across condition) were 15.4, 14.1, 12.6, and 11.6 nV for the 500, 1000, 2000, and 4000 Hz carrier frequencies. An ANOVA revealed a statistically significant difference in EEG noise level across the carrier frequencies (F ϭ 9.0; df ϭ 3, 42; ⑀ ϭ 1.0; p ϭ 0.0001). Post hoc analyses revealed that EEG noise for 500 Hz was significantly higher than 2000 Hz (p ϭ 0.003) and 4000 Hz (p Ͻ 0.001). Although not quite statistically significant, 500 Hz tended to be noisier than 1000 Hz (p ϭ 0.098).
Comparison across stimulus conditions revealed that the DM condition tended to be noisier than the MM and MS conditions. Mean EEG noise pooled across frequency in the MS, MM, and DM conditions were 11.8, 12.1, and 16.3 nV, respectively. The ANOVA revealed that these differences in EEG noise across conditions did not quite reach significance (F ϭ 2.3; df ϭ 2, 28; ⑀ ϭ 0.80; p ϭ 0.116). Because the ANOVA revealed significantly greater noise for the lower frequencies (i.e., 500 Hz) relative to the higher frequencies (i.e., 2000 to 4000 Hz) as well as a trend for multiple conditions to be noisier, all ASSR amplitudes were corrected for EEG noise. These corrections, however, resulted in only small decreases in amplitudes (pooled across frequency and condition, mean uncorrected amplitude was 32.3 nV compared with a mean corrected amplitude of 30.9 nV). Figure 3 shows the mean (corrected) ASSR amplitudes for the 15 infants who participated in study A for the three stimulus conditions (MS, MM, and DM) and four carrier frequencies (500, 1000, 2000, and 4000 Hz). Mean amplitudes were largest in the MS condition relative to the MM and DM conditions, with means (pooled across frequency) of 39.5, 32.4, and 27.5 nV for the MS, MM, and DM stimulus conditions, respectively. The ANOVA revealed a significant main effect of condition (F ϭ 0.0003; df ϭ 2, 28; ⑀ ϭ 1.0; p Ͻ 0.001). Post hoc analysis revealed that amplitudes for the MS condition were significantly larger than those in the MM (p ϭ 0.010) and DM (p Ͻ 0.001) conditions. Although not quite reaching statistical significance, there was a trend for ASSR amplitudes in the MM condition to be slightly larger compared with those in the DM condition (p ϭ 0.066). Figure 3 also shows that amplitude at 500 Hz was smaller relative to the higher frequencies. Pooled across conditions, mean amplitudes were 26.5, 34.6, 37.2, and 34.1 nV for the 500-, 1000-, 2000-, and 4000-Hz carrier frequencies. The ANOVA revealed a significant main effect of frequency (F ϭ 5.0; df ϭ 3, 42; ⑀ ϭ 0.8; p Ͻ 0.005). Post hoc analysis revealed that 500 Hz was significantly smaller than 1000 Hz (p ϭ 0.022), 2000 Hz (p ϭ 0.004), and 4000 Hz (p ϭ 0.013). No significant differences in amplitude were seen for the higher frequencies (i.e., 1000 to 4000 Hz).
Response Amplitude •
No-Response Rate • The percentage of nonsignificant recordings increased as a function of the number of simultaneous stimuli presented. Overall no-response rates for the MS, MM, and DM conditions (pooled across frequency) were 1.7% (1/60 recordings), 6.7% (4/60 recordings), and 11.7% (7/60 recordings), respectively. The 500-Hz carrier frequency accounted for the majority (75%; 9/12 no-response recordings) of these nonsignificant recordings. Figure 4 , which presents relative efficiency results from study A for the three stimulus conditions and four carrier frequencies, indicates that the MM and DM stimulus conditions have higher efficiency relative to the single-stimulus condition for all carrier frequencies. Mean relative efficiency values (pooled across carrier frequency) for the MS, MM, and DM conditions were 1.0, 1.7, and 2.0. The results of the ANOVA revealed that these differences were significant (condition main effect: F ϭ 21.1; df ϭ 2, 28; ⑀ ϭ 1.0; p Ͻ 0.0001). Post hoc analyses revealed that the multiple stimulus conditions were significantly more efficient than the MS condition (p Ͻ 0.001); although the DM condition tended to be more efficient than the MM condition, this did not quite meet significance (p ϭ 0.055). There was no significant effect of carrier frequency (F ϭ 0.792; df ϭ 3, 42; ⑀ ϭ 0.706; p ϭ 0.470) and no significant interaction between condition and carrier frequency (F ϭ 1.08; df ϭ 6, 84; ⑀ ϭ 0.651; p ϭ 0.375).
Relative Efficiency •
Study B
Study B was conducted to assess differences, if any, in ASSR thresholds for the MS and DM conditions. Due to sleep time limitations, only thresholds for 500 Hz in the MS and DM conditions were evaluated. We concentrated on the frequency with the smallest amplitude, 500 Hz, and the condition with the largest interactions, the DM condition. We also focused on these conditions and this frequency due to the finding in study A that no-response results occurred more often for 500 Hz and for the DM condition compared with the MS or MM conditions. Study B also addressed the potential order effect in study A by ensuring that insert earphones were placed in both ears at the beginning of all testing and the order of conditions were randomized.
ASSR Threshold • Results for the 500-Hz MS and 500-Hz DM conditions from study B revealed mean (1SD) thresholds of 51.8 (8.9) and 55.0 (11.4) dB SPL for the MS and DM stimulus conditions, respectively. The slightly higher (3.2 dB higher) mean thresholds for the DM compared with MS conditions did not quite reach statistical significance (dependent samples t test: t ϭ Ϫ1.55; df ϭ 13; p ϭ 0.14).
ASSR Amplitude and EEG Noise
• The mean EEG noise levels (after five sweeps, at 60 dB SPL) in study B were 19.8 and 30.5 nV for the 500-Hz MS and DM conditions, respectively. A dependent samples t test showed that this difference between conditions was significant (t ϭ Ϫ2.61; df ϭ 12; p ϭ 0.02). To compare amplitudes between conditions similar to study A, response amplitudes were again corrected for EEG noise level. Corrected ASSR amplitude at 60 dB SPL for 500 Hz in the MS condition (28.1 Ϯ 10.7 nV) was again larger than that obtained in the DM condition (24.5 Ϯ 14.7 nV); however, this difference was not statistically significant (t ϭ 0.60; df ϭ 12; p ϭ 0.56).
DISCUSSION
ASSR Amplitudes
This is the first infant study to directly compare ASSR amplitudes across single-versus multiple-stimulus conditions, allowing for the assessment of interactions. The infant ASSR amplitudes in this study show interactions between responses to multiple stimuli presented at 60 dB SPL, such that amplitudes decrease as the number of simultaneous stimuli increase. In study A, amplitudes in the MS condition were significantly larger than those in the multiple stimulus conditions; there was no significant difference in amplitude between the MM and DM stimulus conditions. These results differ from those seen in adults, where interactions are not seen at 60 dB SPL (John et al. 1998; Herdman & Stapells 2001) . Potential contributors to these interactions are discussed below.
Ear-canal changes with maturation can affect the level of the stimulus reaching the cochlea. Studies investigating infantadult differences in stimulus SPL at the eardrum using insert earphones have consistently shown larger SPL in the infant ear than in the adult ear, with the difference increasing with frequency up to at least 6000 Hz (Sininger et al. 1997; Bagatto et al. 2005; Voss & Herrmann 2005; Rance & Tomlin 2006) . For example, the intensity reaching an infant's eardrum (Ͻ10 mos of age) is approximately 3 and 13 dB higher at 500 and 4000 Hz than that reaching the adult eardrum (Bagatto et al. 2002 (Bagatto et al. , 2005 . In adults, ASSR interactions between responses to multiply presented stimuli are seen at higher stimulus intensities (John et al. 1998; Picton et al. 2009 ), thus interactions might be expected in the high frequencies in infants. In the current study, however, we did not find a significant frequency ϫ condition interaction (i.e., in study A, the amplitude reductions were present for all carrier frequencies). Therefore, it is not likely that a higher stimulus intensity at the infant's eardrum can fully explain our findings. Also, ear-canal acoustics cannot explain the interactions at 500 Hz, as there is only about a 3-dB increase for the average intensity at the infant ear canal at this frequency (Bagatto et al. 2002 (Bagatto et al. , 2005 .
Development of the middle ear system is also unlikely to account for the interactions present in the current study. Although maturational changes in the middle ear may alter the power transmission and therefore the sound level reaching the cochlea, the magnitude of this effect is small (Keefe & Levi 1996; Sininger et al. 1997) and thus unlikely to change ASSR results significantly. Keefe and Levi (1996) investigated maturation-related changes in the external and middle ear using admittance and reflectance measurements from normal-hearing infants (1-and 6-mo-old infants). Comparisons of energy reflectance results between infants and adults demonstrated that energy reflectance decreases with increasing age, a finding consistent with larger energy losses in the infant ear canal (Keefe et al. 1993) . This loss in energy may be due to greater absorption of energy into the soft tissues of the infant ear canal and thus less energy available to stimulate the cochlea, although the exact mechanism is unknown. Therefore, there appears to be 2 to 4 dB less transmission of energy to the cochlea in the infant (Keefe et al. 1993; Keefe & Levi 1996) . This lower intensity does not explain the interactions seen in study A, which occur in adults with higher stimulus intensities.
The infants' reduced amplitudes in the multiple-stimulus conditions relative to the MS condition may be due to cochlear and/or neural immaturities. In the cochlea, interactions between multiply presented stimuli may occur. If there is an overlap of activation patterns along the basilar membrane, the hair cells located within these areas of overlap will respond according to the interference on the basilar membrane for that particular area (John et al. 1998) . The most common interactions involve either an attenuation of low-frequency responses in the presence of a higher frequency or the enhancement of responses to high-frequency stimuli when presented with lower frequency stimuli (John et al. 2002) . The interactions in the current study are consistent with destructive interactions on the basilar membrane and greater overlap between traveling waves along the basilar membrane, possibly due to a broadening of cochlear filters. As indicated earlier, it is not likely that a higher stimulus intensity can explain the interactions seen in the current study. Thus, broader filters due to cochlear immaturity appear to be a possibility. Most studies, however, suggest that the cochlea is mature at birth (Abdala et al. 1996) , although some recent data in neonates suggest that some cochlear immaturities exist (Dhar & Abdala 2007) . The current study's interactions in babies are not likely due to cochlear immaturities, but these cannot be ruled out.
The reduction in amplitudes in the multiple conditions relative to the MS condition could result from interactions between the brain stem neuronal pools related to each characteristic frequency. The finding that amplitudes reduced further, albeit not quite significantly, from the MM condition to the two-ear (DM) condition suggests that maturation factors related to brain stem immaturities play a role in the interactions present in the current study. There is much evidence from evoked potential studies and postmortem fetal tissue sample studies indicating that the auditory brain stem is functionally and structurally immature at birth (Salamy & McKean 1976; Ponton et al. 1994; Moore et al. 1995) . The ABR exhibits amplitude and morphological changes up to 5 yrs of age (Mochizuki et al. 1983; Salamy 1984) , and maturation of auditory cortex and the later auditory-evoked potentials is not complete until adolescence (Ponton et al. 2000; Moore & Guan 2001) . Infant ABR studies suggest that infants have higher sensitivity to rapidly presented signals (Lasky & Rupert 1982; Lasky 1984) . ASSR assessment in sleeping infants requires modulation frequencies between 70 and 100 Hz to obtain reliable responses. Because the 80-Hz ASSR employs fast rates of stimulus presentation and multiple stimuli, it is possible that interactions at the level of the brain stem play a role in the ASSR interactions present in infants.
In summary, the results from the current study suggest that the ASSR amplitude decreases in the multiple-stimulus conditions relative to the single-stimulus baseline condition are the result of a combination of several possible immaturities: a likely source is immaturity of neural development within the auditory brainstem; however, immaturity of more peripheral structures (e.g., infant-adult ear-canal differences, middle ear changes, and/or cochlear development) may also play a role. Further research is required to understand the exact mechanisms underlying the increased ASSR interactions in infants.
ASSR 500-Hz Threshold
Our 500-Hz threshold results are within, but at the higher end of, the range of those reported previously (Lins et al. 1996; John et al. 2004; Swanepoel & Steyn 2005; Van Maanen & Stapells 2009 ). Our thresholds are higher than those recently reported by Van Maanen and Stapells (2009) ; these differences may be due to higher noise EEG in our 500-Hz infant ASSR results.
Many other authors have found 500-Hz ASSR threshold to be elevated relative to the other carrier frequencies (Lins et al. 1996; Cone-Wesson et al. 2002; Swanepoel & Steyn 2005; Han et al. 2006; Van Maanen & Stapells 2009) . Elevated threshold at 500 Hz may be related to poor neural synchronization in infants or less-effective low-frequency transmission related to maturational changes of the outer and middle ear (John et al. 2004 ). Sininger et al. (1997) and Rance and Tomlin (2006) found infant ABR and ASSR thresholds (in dB SPL in the ear canal) to be elevated with respect to adult thresholds and concluded that the elevated thresholds in infants were the result of auditory brain stem (neural) development (Sininger et al. 1997; Rance & Tomlin 2006) . Auditory brain stem immaturities are also consistent with the ABR work done by Ponton et al. (1992 Ponton et al. ( , 1994 , which showed infants to have prolonged synaptic transmission time compared with adults and that synaptic transmission times continues to shorten up to 3 yrs of age (Ponton et al. 1994 ). Thus, it seems likely that neural immaturities play a role in ASSR threshold elevations.
ASSR Relative Efficiency
The present study provides the first direct evidence of the efficiency of the multiple-stimulus technique for recording the 80-Hz ASSR in infants. Despite the finding that amplitudes decrease when going from single to multiple stimuli, multiplestimulus presentation in infants is still more efficient than presenting single AM tones. Although there are no previous reports in infants on the efficiency of the multiple ASSR, the findings of the current study are in partial agreement with adult studies, which also found the multiple 80-Hz ASSR technique to be more efficient than a single-stimulus technique at moderate levels and lower John et al. 1998; Herdman & Stapells 2001) . Relative efficiency values calculated from the published adult data of Herdman and Stapells (2001) were 1.9 and 2.6 for the MM and DM conditions, respectively. Thus, in adults, an increase in relative efficiency is seen when going from the MM to the DM condition. The relative efficiency results in the current study clearly show the multiple ASSR to be more efficient than the single stimulus ASSR, and the DM condition tended to be more efficient than the MM condition. In addition, the DM method of stimulus presentation may be more appropriate for infant testing because it is able to record information from two ears simultaneously, whereas the MM condition records information for only one ear. Thus, if an infant were to wake up during testing, one would still obtain some information regarding both ears if using the DM condition but not if using the MM condition.
No-Response Rate
Although the multiple-stimulus ASSR is more efficient than a single-stimulus technique, some responses lost significance when going from single-to multiple-stimulus conditions. Overall no-response rates in study A were 2%, 7%, and 12% for the MS, MM, and DM conditions, respectively, with 500 Hz accounting for the majority of the nonsignificant results. One possible reason for the dropout of responses in the DM condition relative to the MS condition may be related to the stimulus intensity used in study A, which was 60 dB SPL. It is possible that this intensity was too close to the infants' 500-Hz ASSR threshold, particularly for the DM condition (i.e., thresholds were only 8 and 5 dB below the stimulus intensity for the MS and DM conditions, respectively; see study B). This most likely accounts for the increased no-response rate at this frequency in this condition. Although not assessed in this study, it is likely that dropout of responses would not be an issue if the 500-Hz stimuli were to be presented 5 to 15 dB higher relative to the other frequencies, similar to the MINT multipleintensity ASSR technique proposed by John et al. (2002) .
EEG Noise
In the current study, EEG noise in the DM condition tended to be higher than the one-ear stimulus conditions (i.e., MS and MM). Although an order effect in study A might account for this because the DM condition was most often carried out at the end of the study, this was accounted for in study B where the order of conditions was randomized and both inserts in place on test initiation. Nevertheless, even in study B, the EEG noise in the DM condition remained significantly higher. Thus, the tendency for EEG noise to be higher in the DM condition in study A most likely represents a true effect as a function of stimulus condition.
The higher noise levels in the DM condition, but not the MM condition, suggest that increased noise levels are the result of testing two ears versus one ear rather than the result of presenting multiple stimuli simultaneously. It is possible that these findings represent a binaural summation effect occurring above the 80-Hz generators, resulting in noisier EEG that is not reflected in the 80-Hz ASSR amplitude and threshold data. Although central mechanisms may explain our findings, the exact mechanism of this finding in not known.
CONCLUSIONS
To conclude, infants show significant ASSR interactionsamplitude reductions-for multiple ASSR stimuli presented at 60 dB SPL. This contrasts with adult data, where no interactions are seen at this intensity. The interactions present in the current study in the multiple stimulus conditions appear to be related to some combination of immaturities, including cochlear and brain stem immaturities, and external or middle ear maturational factors; further research is required to clarify this. Despite these interactions, the multiple-stimulus ASSR remains more efficient than a single-stimulus technique in terms of relative efficiency, at least in infants with normal hearing.
Study B revealed small and nonsignificant threshold differences for 500 Hz as a result of using multiple versus single stimuli. The increased no-response rate for the DM condition in study A most likely resulted from using a stimulus intensity too close to 500-Hz threshold in the DM condition. Thus, even small amplitude decreases in the DM condition were enough to cause responses to drop out at this intensity and frequency.
The higher EEG noise levels seen in the DM condition appear to be related to a two-ear phenomenon. One possibility is that the increased noise in the DM condition is the result of an increase in loudness that increased the likelihood of an infant waking up in this condition.
Although our results show that the multiple-stimulus ASSR technique is more efficient than a single-stimulus technique at a suprathreshold level (60 dB SPL) in normal-hearing infants, it is not known whether this remains the case (i) for threshold levels or (ii) in infants with hearing loss. Studies in adults with normal hearing indicate that the multiple-ASSR technique remains more efficient at near-threshold levels (John et al. 1998; Herdman & Stapells 2001) ; similar studies are required in infants. Importantly, studies in adults suggest that the efficiency of the multiple-ASSR technique is reduced when assessing nonflat and/or asymmetrical hearing losses (John et al. 2002; Herdman & Stapells 2003) . Therefore, similar studies in infants with hearing loss are in need before the multiple ASSR can be deemed more efficient in this group.
